The molecular processes that control the development of adipose tissue are being intensively investigated. In particular, interest has focused on the chain of transcriptional events that occurs during the differentiation of pre-adipocytes to mature adipocytes. After preadipocytes receive a stimulus to differentiate, two members of the CCAAT/enhancer binding protein family of transcription factors, C/ebpβ and C/ebpδ, are activated. They in turn activate the expression of C/ebpα and the nuclear receptor peroxisome proliferator-activated receptor gamma (Pparγ) (1) . Pparγ and C/ebpα activate each others expression and regulate the expression of multiple target genes to establish and maintain the mature adipocyte phenotype (2) .
Recent studies have sought to identify the factors that regulate the early events in the commitment of the pre-adipocyte to differentiate. Members of the Gata family of transcription factors have been found to serve as negative regulators of pre-adipocyte differentiation, that is, their over-expression effectively blocks adipogenesis in cell culture systems, such as 3T3-L1 cells (3) . Gata transcription factors contain a highly conserved zinc finger DNA binding domain that recognises (A/T)GATA(A/G) motifs in the promoters and enhancers of Gata target genes (4) . Gata proteins play key roles in the development of numerous cell lineages. Initial studies in Drosophila revealed that the Gata family member, Serpent, was necessary for fat cell development (5, 6) . In mammals, both Gata2 and Gata3 were found to be highly expressed in pre-adipocytes, their levels declined as adipogenesis began, and their over-expression inhibited adipocyte differentiation (3) .
Gata transcription factors rely on the actions of partner proteins to effect changes in chromatin structure and thereby modulate gene expression. The Friend of GATA (Fog) proteins have been shown to be important cofactors in multiple tissues. In mammals, there are two Fog proteins, Fog1 and Fog2, which both interact with the amino terminal zinc finger of Gata proteins (7) . Fog1 is expressed highly in hematopoietic tissues and is also expressed in the liver and testis of adult mice. The interaction between Gata1 and Fog1 is essential for hematopoietic development. Mice with a mutation rendering Gata1 unable to interact with Fog1 die in utero from a failure of erythropoiesis (8, 9) . Fog2 is expressed highly in the heart, brain and testis (10) . During heart development Fog2 interacts with Gata4 in multiple cell types that give rise to the adult heart. Fog2 -/-animals die mid-gestation from heart defects (11) .
Gata4
ki/ki animals that express a mutant form of Gata4 that cannot bind to Fog2 die at the same embryonic stage, also due to a failure of heart development (12) . The roles of Fog proteins in adipogenesis have not been explored, in part due to the early death of knockout animals, and also because of the potential redundancy between Fog1 and Fog2 in situations where they are coexpressed (10, 13) .
Fog proteins can recruit co-repressors, such as C-terminal binding proteins (Ctbps), to repress target genes. The Ctbp proteins Ctbp1 and Ctbp2 bind to a Pro-Ile-Asp-Leu-Ser (PIDLS) motif between Fog zinc fingers 6 and 7 (14, 15) . Ctbps recruit a number of histonemodifying enzymes, including deacetylases and methyltransferases and thereby functionally contribute to gene silencing (16) .
Interestingly, Ctbp proteins can bind to NADH and to a lesser extent to NAD + dinucleotides (17) . It has been proposed that their ability to respond to differing NAD + /NADH ratios equips them to function as metabolic sensors and alter gene transcription in response to changes in the metabolic state of the cell (17, 18) . Ctbps have recently been identified as key regulators in the development of brown adipose tissue. Together with the transcription factor PRDM16, Ctbp1 and Ctbp2 repress transcription of multiple genes associated with the white adipocyte phenotype. This enables the developing adipocyte to be directed to form a mature brown adipocyte (19) . Analysis of the in vivo role of Ctbp proteins has been complicated by early in utero death of knockout animals and apparent redundancy between the two proteins (20) .
Here we have investigated the role of Gata, Fog and Ctbp proteins in adipogenesis. We have found that while Ctbp is present throughout adipogenesis, Fog1 and Fog2, like Gata proteins, are down-regulated as adipogenesis proceeds. Over-expression of Fog1 or Fog2 inhibits the differentiation of 3T3-L1 cells into lipid containing cells, and the interaction with Ctbp proteins plays a role in the inhibition. Furthermore, abolishing the interaction between Gata and Fog via a mutation in the aminoterminal zinc finger of Gata2, also leads to an impairment of adipocyte differentiation, in this case associated with an unexpected cellular proliferation phenotype.
Materials and Methods
Cell culture. 3T3-L1 cells were maintained at 37°C with 5% CO 2 . Cells were cultured in a standard medium of High Glucose Dulbecco's Modified Eagle's Medium (HG-DMEM) supplemented with 10% (v/v) heat inactivated fetal calf serum (FCS) and 1% (v/v) penicillin streptomycin and glutamine (Invitrogen). Differentiation was induced two days after the cells reached confluence (designated day 0). At day 0 the medium was replaced with differentiation medium (HG DMEM/ 10% FCS/ 1% PSG/ 2 mg/mL insulin/ 1 mM dexamethasone/ 0.5 mM 3-isobutyl-1-methylxanthine (IBMX)). At 3 days postinduction the media was replaced with postdifferentiation medium (HG DMEM/ 10% FCS/ 1% PSG/ 2 mg/mL insulin). From 6 days postinduction cells were maintained in standard media. Ecopack2-293 retroviral packaging cells (Clontech, Mountain View, CA) and HEK-293 cells were maintained in standard medium. Cells were imaged by light microscopy.
Mouse preadipocyte and adipocyte isolation. Epidydymal white adipose tissue from six 13-week-old male mice was provided by Helen Williams, School of Molecular Bioscience, University of Sydney. Samples were pooled and digested with 1mg/mL collagenase in serum free DMEM at 37°C for one hour. The cells were passed through a 425µm filter and centrifuged at 250g for 8 minutes. The supernatant adipocyte layer was harvested and washed in fresh medium (HG DMEM/ 10% FCS/ 1% PSG). The stromal vascular pellet containing preadipocytes was harvested. The cells were washed in fresh medium (HG DMEM/ 10% FCS/ 1% PSG) and red blood cells were lysed with 0.15mM NH 4 Cl, 10mM KHCO 3 , 0.1mM EDTA. Preadipocytes were then passed through a 20µm filter and collected by centrifugation at 500g for 5 minutes.
Real-time PCR. Cells were harvested at the specified times during differentiation as described in the results section. Total RNA was prepared using the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA). The purified RNA was used to synthesise cDNA by use of the SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen). Real-time PCR was performed as previously described (21) . Sequences of the forward and reverse primers used are available on request. Statistical significance was established using the student's t test.
Western Blotting. Cells were harvested at 2 days post-confluence, and nuclear extracts were prepared and Western blotting was carried out as previously described (22 Cell counting assay. At the indicated points during differentiation cells were harvested, stained with trypan blue (0.4%, Sigma) and viable cells were counted with the use of a hemocytometer. Statistical significance was established using the student's t test.
RESULTS

Expression of Friend of Gata genes is regulated during adipogenesis.
We first investigated whether Fog1 and Fog2 mRNA were present in 3T3-L1 cells and whether their levels were dynamically regulated during differentiation. The cells were induced to differentiate and RNA was isolated at regular intervals over a 10 day period. The levels of Fog1 and Fog2 mRNA were assessed by Realtime PCR and compared to the expression pattern observed for Gata2 and Gata3 (Fig. 1a) . As described in previous studies, Gata2 and Gata3 are expressed robustly in undifferentiated 3T3-L1 cells and their expression is downregulated during cell differentiation. Both Fog1 and Fog2 display a similar expression pattern. The mRNA for both genes is observed in undifferentiated 3T3-L1 cells, and this expression is down-regulated within 24 hours of the induction of differentiation. This downregulation is maintained throughout the 10 day differentiation time course (Fig. 1a) .
The results obtained for 3T3-L1 cells were compared to expression in murine preadipocytes and mature adipocytes. White adipose tissue was harvested from 13-week-old male mice. The tissue was digested with collagenase and the preadipocytes and mature adipocytes were separated by centrifugation. The levels of Gata and Fog mRNA were assessed by Real-time PCR. Gata2, Gata3, Fog1 and Fog2 are all expressed in murine preadipocytes and all four genes display reduced expression in mature white adipocytes (Fig. 1b) . This result supports the changes in expression observed during 3T3-L1 cell differentiation.
The levels of Fog1 and Fog2 proteins were also examined. Undifferentiated cells and cells that had been differentiated for 10 days were used in Western blotting experiments. Both proteins were detected in undifferentiated 3T3-L1 cells and a reduction in protein levels after ten days of differentiation was observed (Fig.  2a) . The down-regulation was particularly evident for Fog2, which also showed a more robust initial level of expression in preadipocytes. The down-regulation of Fog1 protein did not appear as marked as the changes observed in Fog1 mRNA. This may be indicative of post-transcriptional regulation, such as through differences in the rate of translation of the remaining mRNA, or through a reduction in Fog1 protein turnover. The levels of Fog2 protein were further investigated by including multiple time-points throughout 3T3-L1 cell differentiation. We observed an elevated level of Fog2 at day 2 of differentiation ( Fig.  2b) . The protein was then downregulated by day 4, and levels remained low through to day 10. This suggests a role for Fog2 in undifferentiated preadipocytes and in the early stages of preadipocyte differentiation. It is possible that Fog2 is downregulated at day 1 as a part of the mitotic clonal expansion process. The initial presence and coordinated shutdown of both Gata and Fog expression during adipogenesis supports the hypothesis that the proteins work together and inhibit differentiation.
Over-expression of Fog1 or Fog2 inhibits differentiation. Both Gata2 and Gata3 are negative regulators of adipogenesis. Overexpression of either gene in 3T3-L1 cells inhibits differentiation (3). We similarly tested whether over-expression of Fog genes also inhibits differentiation. We used retroviral gene delivery to express Fog1 and Fog2 genes in 3T3-L1 cells. The level of Fog1 and Fog2 protein expression achieved was assessed by Western Blotting of extracts from undifferentiated cells grown to 2 days post-confluence. Both genes were effectively expressed (Fig. 3a) . Cells expressing either Fog1 or Fog2 were then induced to differentiate for 5 days and their ability to accumulate lipid was assessed by Oil Red O lipid staining. The extent of staining was quantified and is depicted graphically. Staining was reduced in cells expressing either Fog1 or Fog2 (Fig. 3b) . Microscopic examination of the cells similarly revealed a reduction in the proportion of cells with observable cytoplasmic lipid droplets (Fig. 3c) . The extent of the inhibition of differentiation induced by expression of Fog1 and Fog2 is comparable to that produced by over-expression of Gata2 and Gata3 in our experiments (see Fig. 9 and data not shown).
As an additional confirmation several 3T3-L1 cell lines expressing either an empty vector control or various levels of Fog2 were generated and their ability to differentiate was tested. The results indicate that differing levels of ectopic Fog2 expression do not alter the ability of Fog2 to repress (Supplementary Figure 1) . Importantly, in sample F2, the level of ectopic sustained expression of Fog2 that blocks adipocyte differentiation is equivalent to the initial endogenous level of Fog2. Taken together with the co-ordinated shutdown of both Gata and Fog expression during adipogenesis, the results provide further support for the view that the proteins work together to inhibit the onset of adipogenesis.
Knockdown of Fog2 expression impairs preadipocyte function. To further investigate the role of Fog2 in adipogenesis we used shRNA constructs to knock down Fog2 expression in 3T3-L1 preadipocytes. Two different shRNAs targeting Fog2 were transfected into 3T3-L1 cells together with a scrambled shRNA negative control. The extent of knockdown was determined by Real-time PCR and Western blotting ( Fig. 4a and 4b ). The cells were induced to differentiate and microscopic images were obtained at day 0 and day 5 of differentiation. Prior to the induction of differentiation the knockdown of Fog2 had no observable effect on the growth and morphology of the preadipocytes (Fig. 4c) . After 5 days of differentiation the control cell population had begun to form observable cytoplasmic lipid droplets. In contrast, the cells with Fog2 knockdown had failed to differentiate and a large proportion of the cells had died. This was evident in both lines, including the line for shRNA1, where a less extensive knockdown of Fog2 was observed. The remaining cells displayed an altered morphology that may indicate cell stress or cell death (Fig. 4c) . The extreme phenotype is difficult to interpret, but does indicate that Fog2 function is required for correct progression of preadipocyte differentiation. While knockdown in undifferentiated cells is tolerated, the premature knockdown of Fog2, followed by the induction of differentiation, leads to cell death rather than adipogenesis. This loss of function experiment is consistent with the view that Fog2 plays a role in the regulation of early adipogenesis.
The Fog partner protein CtBP is present throughout adipogenesis. Fog proteins can form repression complexes with a number of partner proteins. One of the key co-repressors that interacts with Fogs is Ctbp. We investigated the expression of Ctbp RNA during the differentiation of 3T3-L1 pre-adipocytes. Realtime PCR analysis of Ctbp1 and Ctbp2 RNA levels indicated that both Ctbp genes are expressed throughout 3T3-L1 differentiation (Fig. 5a ). We compared this to the expression pattern of Ctbp proteins in murine preadipocytes and adipocytes using Real-time PCR. Both Ctbp1 and Ctbp2 genes were expressed in preadipocytes and this expression was sustained but reduced in mature white adipocytes (Fig.  5b) . We also investigated the levels of Ctbp proteins in 3T3-L1 cells before and after differentiation. Western blotting for Ctbp1 and Ctbp2 showed equal levels of expression in undifferentiated and differentiated cells (Fig.  5c) .
The expression pattern of Ctbp1 and Ctbp2 is different in 3T3-L1 cells and mouse adipocytes. Both genes were expressed at approximately equal levels in 3T3-L1 preadipocytes and differentiated 3T3-L1 cells, but displayed reduced expression in mature mouse adipocytes. The differences in the expression levels between mouse preadipocytes and adipocytes may be due to contamination of the preadipocytes with other cell types present in the stromal vascular fraction. Alternatively the difference in RNA levels may not result in different Ctbp protein levels. Or there may simply be differences between Ctbp expression in 3T3-L1 cells and in vivo. Nevertheless, in all cases Ctbp was readily detectable throughout adipogenesis.
Importantly, in both primary cells and the 3T3-L1 cell line there is robust expression of Ctbp in the preadipocytes, coinciding with high expression of Gata and Fog. To test the effect of increased Ctbp levels we used retroviral delivery to force expression of Ctbp2 in 3T3-L1 preadipocytes. Cells expressing Ctbp2 were induced to differentiate for 5 days. The extent of differentiation was assessed by microscopy and Oil Red O staining. Over-expression of Ctbp2 had no effect on the ability of 3T3-L1 cells to differentiate. The Ctbp2 expressing cells showed the same capacity to form lipid droplets as control cells (Fig. 5d) . Quantitation of Oil Red O stain indicated equivalent levels of lipid staining in control and Ctbp2 expressing cells (Fig. 5d) . Taken together the data suggest that the control of adipogenesis reflects primarily changes in Gata and/or Fog levels rather than changes in CtBP availability, since CtBP is present throughout adipogenesis and over-expression had no discernible effect.
Fog2 contact with CtBP is implicated in the repression of adipogenesis. We next tested whether it was necessary for Fog2 to contact Ctbp proteins in order to repress adipogenesis. To investigate this we generated a mutant version of Fog2 with a DL to AS amino acid substitution within Fog2's PXDLS (Ctbpinteraction) motif, termed Fog2-∆DL. This type of mutation has previously been shown to impair the interaction between Ctbps and their binding partners, including Fog proteins (15, 26, 29) . Wildtype Fog2 and Fog2-∆DL were expressed in 3T3-L1 pre-adipocytes using retroviral gene transfer. Levels of expression prior to differentiation were confirmed by Western blotting (Fig. 6a) . The cells were induced to differentiate for 5 days. As previously, cells expressing wildtype Fog2 did not readily accumulate lipid, but the mutant Fog2-∆DL containing cells did accumulate lipid, as assessed by microscopic analysis and Oil Red O staining ( Fig. 6b and 6c) . The Fog2-∆DL construct did not display full adipogenesis inhibiting activity, that is, the proportion of lipid-accumulating cells was intermediate between control and wildtype Fog2 expressing cells. This suggests that the Fog2-∆DL mutant retains some ability to repress adipogenesis. It may retain some ability to bind Ctbp or may function through other Fog co-repressors, such as the NuRD complex (30) . Nevertheless, the ∆DL mutation that impairs Ctbp binding also diminishes the ability of Fog2 to block adipogenesis. This result suggests that Fog2 requires contact with Ctbp for its full adipogenesis inhibiting activity.
Is Gata contact required for Fog-mediated inhibition of adipogenesis? We also sought to establish whether the interaction between Gata and Fog proteins is necessary for the repression of adipocyte differentiation by Gata and Fog factors. To test the importance of the Gata-Fog interaction in Fog-mediated repression of adipogenesis we created a second mutant form of Fog2. This Fog2 mutant is unable to bind to Gata proteins as it carries tyrosine to alanine substitutions in zinc fingers 1, 5, 6 and 8 (15, 31) and is termed Fog2-Gatamut. 3T3-L1 preadipocytes were transduced with retroviruses containing Fog2 or Fog2-Gatamut. The levels of Fog2 protein were assessed by Western blotting of extracts from cells prior to differentiation and the wildtype and mutant constructs were found to be expressed to a similar level (Fig. 7a) A mutant form of Gata2, impaired in Fog contact, causes cellular proliferation. We next tested a mutant form of Gata2 that is impaired in its ability to contact Fog co-factors. This mutant carries a valine to methionine amino acid substitution in its amino-terminal zinc finger, and is termed Gata2-V296M. This mutation lies within the region through which the Gata zinc finger contacts the Fog zinc fingers and corresponds to a naturally occurring mutation that has been described in Gata1, and which has been shown to significantly interfere with the interaction between Gata1 and Fog1 (32) . Analogous mutations in Gata4 have also been shown to impair its interaction with Fog2 (12) .
Both wildtype Gata2 and Gata2-V296M were expressed in 3T3-L1 cells by retroviral transfer. Levels of expression were monitored prior to differentiation by Western blotting, which confirmed both proteins were properly expressed (Fig. 8a) . The cells were induced to differentiate for 5 days. As expected the wildtype Gata2 effectively inhibited lipid accumulation (Fig. 8b) . A strikingly different phenotype was observed with Gata2-V296M. The cells did not differentiate and accumulate lipid, nor did they resemble the Gata2 transfected cells that were maintained in the preadipocyte state. Instead, the Gata2-V296M containing cells proliferated rapidly (Fig. 8b) . This difference in numbers is marked and at this point in differentiation it is difficult to discern the boundaries of individual cells on the plate. In comparison, cells transduced with either empty vector or Gata2 are confluent, with individual cells clearly defined.
To confirm these observations and to assess whether increased cellular proliferation was occurring cell numbers were counted at days 0, 5, and 10 of differentiation. At day 0 there were no significant differences between the cell populations. By day 5 the Gata2-V296M cultures contained approximately twice as many cells as control and wildtype cultures and this difference is maintained at day 10 of differentiation ( Fig. 8c) . The Gata2 and Gata2-V296M cells both display reduced Oil Red O staining compared to control cells (Fig. 8d) . The result demonstrates that the Gata2 mutant that cannot contact Fog appears to drive proliferation rather than co-ordinating the withdrawal from the cell cycle and subsequent differentiation associated with normal adipogenesis.
Gata2 regulates key adipogenic markers. In order to assess at a molecular level whether the mutant form of Gata2 was influencing adipogenesis we examined the expression of known markers of adipogenesis, C/ebpα, Adiponectin and aP2 (Fabp4). 3T3-L1 preadipocytes expressing either empty vector, Gata2 or Gata2-V296M were induced to differentiate for 5 days. RNA was extracted and Real-time PCR was used to assess mRNA levels. Expression of all three adipogenic marker genes was suppressed in the presence of wildtype Gata2 as expected, and was also inhibited, and to a greater extent in the Gata2-V296M containing cells (Fig. 9) . That is, the Gata2-V296M mutant has generated a proliferation phenotype and terminal differentiation and adipogenesis has been abrogated. This result suggests that contact with Fog proteins is required for Gata2 to coordinate the withdrawal from the cell cycle and terminal differentiation that accompanies adipogenesis in 3T3-L1 cells.
DISCUSSION
Gata proteins have been clearly implicated in maintaining cells in a pre-adipocyte state (3) . In addition to controlling the entry into the adipocyte program, there is recent evidence that over-expression of Gata2, in combination with the suppression of Pparγ, can even revert adipocytes to a pre-adipocyte-like phenotype (33) . The mechanism by which Gata proteins repress gene expression in adipocytes has not previously been investigated. There is, however, extensive evidence that in other tissue types the function of Gata factors is reliant in part on Fog partner proteins. The interaction between Gata1 and Fog1 is critical for the development of both erythroid and megakaryocytic cell lineages (25, 34) . The correct development of the heart and coronary vasculature depends on the interaction between Gata4 and Fog2 (12) . In Drosophila the interaction between Gata protein Pannier and the Fog homologue U-shaped is necessary for correct development of both the heart and the eye (13) .
The analysis of the biological roles of Fogs in mammalian adipogenesis has been complicated by the fact that both Fog1 and Fog2 knockout mice die in utero (11, 34, 35) . Thus, we have primarily used 3T3-L1 cells to investigate the functional role of Fog proteins in adipogenesis.
The results from these experiments are summarized in Figure 10 . We have shown that Fog1 and Fog2 are both expressed in 3T3-L1 cells and down-regulated during adipocyte differentiation. Overexpression of Fogs blocks differentiation, as measured by Oil-Red-O staining, to a level comparable to the effect previously observed for Gata2 and Gata3 (3). We measured cytoxicity (using the Cytotox 96 assay from Promega) in the presence over-expressed Gata2 and Fog2, and also monitored cell death by visual inspection. Both Gata2 and Fog2 overexpressing cells showed similar levels of cytoxicity and no significant increase in cell death as compared to controls. We also combined over-expression of Gata2 or Fog2 and hydroxyurea (2.5mM and 10mM) and again observed no increase in cytoxicity or cell death compared to normal cells (data not shown). We conclude that the mechanisms through which Gata2 and Fog2 inhibit adipocyte differentiation are not primarily based on cytoxicity.
To test the importance of the Gata-Fog interaction we created mutants of both proteins that were unable to bind to each other. In both cases the mutations interfered with the normal activity of the proteins. The mutant Fog displayed a reduced inhibition activity and the expression of the mutant Gata generated an abnormal cell proliferative phenotype, in addition to blocking adipogenesis.
The situation, however, is complex. Although the mutant Fog -that is unable to bind Gata, Fog-gatamut -was impaired in its function, it nevertheless retained some activity. It is possible that it is generally less potent as an inhibitor of adipogenesis or that it now can alter the expression of some key adipogenic genes but not others. The Fog mutant unable to bind Gata may retain some residual binding (directly or indirectly to Gata dependent promoters, perhaps via Ctbp or NuRD) or possibly Fog is recruited by a different transcription factor or perhaps by direct DNA-binding at some target genes. It appears most likely that at different genes different mechanisms of Fog recruitment may occur.
Alternatively, recent results raise the possibility that Fog2 may also be operating not by binding Gata but through protein-protein interactions in the cytoplasm. The Drosophila Fog2 homologue, U-shaped has recently been identified as a regulator of insulin signalling in the fat body (36) . In cells of this body U-shaped binds directly to phosphoinositide-3 kinase (PI3K) and prevents phosphorylation of Akt. Ushaped levels are regulated by the micro RNA miR-8, and animals lacking miR-8 display reduced body size. This function of Fog is distinct from its function as a nuclear coregulator for Gata transcription factors, and may contribute to the partial activity observed for the Fog mutant unable to bind Gata.
The Gata mutant -that is unable to bind Fog, Gata V296M was also impaired in function but again the situation is complex. An almost total abrogation of the adipogenic programme was observed. It is possible that the Gata V296M mutant is severely compromised in function and hence adipogenesis does not occur, or alternatively, an extension of the proliferative stage, and failure to exit the cell cycle may preclude all adipogenic gene expression. Thus rather than the Gata mutant being super-active as an inhibitor of adipogenesis, it is possible that the disregulation of key genes involved in withdrawal of the cell cycle prevents the cells advancing along the adipogenic pathway.
We also investigated the role of Ctbp proteins in the Gata-Fog mediated suppression of adipogenesis. Ctbps are implicated in both the repression and the promotion of white adipocyte development. The transcription factor Klf3 recruits Ctbp to repress the differentiation of pre-adipocytes (28) . When acting with the transcription factor PRDM16 Ctbps contribute to the repression of white adipocyte genes, including resistin and angiotensinogen, to allow the activation of brown adipocyte specific genes (19) . Our work also suggests that Ctbps play a role in white adipocyte formation through interaction with Fog. Ctbps have also been shown to facilitate white fat formation by associating with RIP140 and repressing the brown fat gene Ucp1 (37, 38) . Accordingly, it seems unlikely that Ctbp is a general inhibitor or activator of adipogenesis but it appears to play a role as a co-repressor for several of the key transcription factors that guide this process.
Ctbps have also been implicated in metabolic and lifespan regulation. In the nematode worm C. elegans the Ctbp protein CTBP-1 has been shown to have a role in the regulation of lifespan. Worms possessing a mutant form of ctbp-1 display an extension of lifespan, which can be suppressed by the reintroduction of ctbp-1. The function of ctbp-1 in lifespan control in C. elegans is dependent on its NAD + /NADH binding activity (39) . Ctbp proteins can bind to NAD + /NADH dinucleotides at concentrations comparable to those present within the cell (17) . They have been proposed as metabolic sensors, able to detect altered NAD + /NADH balances and to respond by altering gene expression (18) . Ctbp proteins are also negative regulators of SIRT1, the mammalian homologue of yeast Sir2, another protein which binds NAD + , and which has been linked to lifespan regulation and aging (40) . This further supports the role of NAD + /NADH in modulating metabolic function through interaction with multiple regulatory proteins.
Interestingly, Gata and Ctbp proteins have also been linked to fat body formation in the mosquito, Aedes aegypti. Here the Gata protein, AaGATAr directly recruits Ctbp through its own PXDLS like motif, rather than via a Fog cofactor, and functions in the repression of fat body formation (41) . This link, together with the observation that the Gata factor Serpent controls fat formation in Drosophila suggests that Gata and Ctbps have a long evolutionary history of controlling fat production. The relationship between Fog proteins and Ctbps has, however, been less clear. The Drosophila Fog homologue, U-shaped, contains a PXDLS binding site and can associate with Drosophila Ctbp, and both mammalian Fog proteins, Fog1 and Fog2, contain PIDLS motifs. Nevertheless, a knockin mouse line, homozygous for a mutant form of Fog1 lacking the PIDLS motif, was viable and exhibited normal hematopoiesis (29) . This suggests that the PIDLS motif is not required for hematopoietic function and raised the question of why this motif had been conserved during evolution. Our result that the PIDLS motif is important for the ability of Fog2 to inhibit adipogenesis provides functional evidence that this motif is important in fat, despite the fact that it may be dispensable in hematopoietic tissues.
Our experiments have implicated the combination of Gata, Fog and Ctbp proteins in controlling entry into adipocyte differentiation. This is an important demonstration that Fog plays a role in adipogenesis and extends the evidence that Gata proteins work together with Fog partners for full biological activity outside the well studied hematopoietic lineages. The full range of target genes on which Gata, Fog and Ctbp proteins act remain to be defined. Nevertheless, given that Ctbp appears to generally function as a repressor (42), together with the fact that the Gata mutant cells presented with a cell proliferation phenotype it suggests that these proteins may work together to prevent exit from the cell cycle and to suppress the adipogenic differentiation. Western blot of Gata2 and Gata2-V296M over-expression in 3T3-L1 cells. Retroviral delivery was used to express Gata2 and Gata2-V296M in 3T3-L1 cells. The cells were grown to 2 days postconfluence and nuclear extracts were prepared. Western blotting was performed with a Gata2 antibody. Blotting with GAPDH antibody was included as a loading control. B. Images of 3T3-L1 cells expressing Gata2 and Gata2-V296M after 5 days of differentiation. Cells expressing Gata2, Gata2-V296M or an empty vector control were induced to differentiate for 5 days. Cells were imaged using light microscopy. Scale bars indicate 20µm. C. 3T3-L1 cells expressing Gata2, Gata2-V296M or an empty vector control were induced to differentiate over 10 days. Cells were harvested at the indicated times and the number of cells was determined by counting. Error bars indicate SEM, n=3, student's t test results * = p<0.05, ** = p<0.005, *** = p<0.0005. D. Oil Red O staining of 3T3-L1 cells expressing Gata2 and Gata2-V296M after 5 days of differentiation. Cells were stained with Oil Red O and imaged by scanning. The stain was extracted and quantified by spectrophotometry. Results are expressed as staining relative to control. Error bars indicate SEM, n=3. Fig. 9 Real-time PCR analysis of adipogenic markers in 3T3-L1 cells expressing Gata that cannot bind Fog. 3T3-L1 cells expressing Gata2, Gata2-V296M or an empty vector control were induced to differentiate for 5 days. Total RNA was isolated at day 5 and used for cDNA synthesis and Real-time PCR analysis. Expression of C/ebpα, Adiponectin and aP2 were normalised to 18S and expressed relative to the lowest sample level. Error bars indicate SEM, n=3, student's t test results * = p<0.05, ** = p<0.005, *** = p<0.0005. 
